During the heat treatment of proteinaceous food, heterocyclic aromatic amines (HAAs), a kind of strong mutagens/carcinogens are formed. HAAs can be classified into two major groups based on the heating temperature, which are thermic HAAs generally formed in 150 to 300 • C and pyrolytic HAAs produced above 300 • C. This review focuses on the formation mechanisms of HAAs and identifies different mechanisms of the formation of HAAs in foodstuffs. Moreover, an overview of the available extraction, purification methods, and instrumental analytical methods in the last two decades is shown to determine the HAAs in various foodstuffs. Finally, based on the factors that affect the formation of HAAs in heat-processed foodstuffs, such as the cooking method, food type, the recipe, and the content of substances with enhancing or inhibiting effects on the formation of HAAs, this review also highlights the most promising strategies for mitigating HAAs, which include adjusting cooking methods or process conditions, adding natural product extracts, antioxidants or other compounds, or reasonable selection of types of foodstuff. The review intends to provide a broad but comprehensive understanding of the formation, extraction, purification, analytical methods, and possible mitigation strategies for isolated and identified HAAs.
F I G U R E 1
The illustration for the overall overview of the topic of this review to be over 100 fold and 2000 fold more mutagenic than aflatoxin B1 and benzo[a]pyrene, respectively (Oz & Kaya, 2011b; Oz & Kotan, 2016; Oz & Zikirov, 2015; Oz, Kızıl, Zaman, & Turhan, 2016; Quelhas et al., 2010; Stavric, 1994) . Several epidemiological studies have also indicated that the frequent consumption of heat-processed foodstuffs containing HAAs may result in an increased risk for several human cancers (Kondjoyan et al., 2016; Sugimura, Wakabayashi, Nakagama, & Nagao, 2005; Zhang et al., 2012) . International Agency for Research on Cancer has thus stipulated more than 10 HAAs as possible (class 2B) human carcinogens and 2amino-3-methyl-3H-imidazo[4,5-F]quinoline (IQ) even as a probable (class 2A) human carcinogen (Jinap et al., 2013; Lu, Kuhnle, & Cheng, 2017b; Murkovic, 2004; Alaejos, Ayala, González, & Afonso, 2008; Szterk, 2015; Zhang et al., 2012) .
Because of severe carcinogenicity and mutagenicity of HAAs, many analytical methods have been exploited in the last decade for the analysis of HAAs in various foodstuffs mainly using gas chromatography-mass spectrometry (GC-MS; Barceló-Barrachina, Santos, Puignou, & Galceran, 2005; Casal, Mendes, Fernandes, Oliveira, & Ferreira, 2004) , liquid chromatography (LC; Aeenehvand et al., 2016; Jautz, Gibis, & Morlock, 2008; Özdestan, Kaçar, Keşkekoğlu, & Üren, 2014; Tan et al., 2014; Vichapong, Burakham, & Srijaranai, 2017; Zhang, Cheng, Li, & Xiao, 2015) , liquid chromatography-mass spectrometry (LC-MS; Barceló-Barrachina, Moyano, Puignou, & Galceran, 2004a; Gonzalo-Lumbreras, Rosales-Conrado, León-González, Pérez-Arribas, & Polo-Díez, 2010; Turesky, Taylor, Schnackenberg, Freeman, & Holland, 2005) , and liquid chromatography-tandem mass spectrometry (LC-MS/MS; Ni, McNaughton, LeMaster, Sinha, & Turesky, 2008; Yan et al., 2017; . However, because of the trace level of HAAs (usually μg/kg level), and the high complexity of food matrix, suitable pretreatments before instrument analysis are indispensable and challenging. Recently, several techniques such as dispersive liquid-liquid microextraction (DLLME; Aeenehvand et al., 2016; Agudelo Mesa, Padró, & Reta, 2013) , solid-phase extraction (SPE; Karpavičiūtė et al., 2017; Khan, Naushad, Alothman, Alsohaimi, & Algamdi, 2015; Zhang et al., 2011) , solid-phase microextraction (SPME; Cagliero, Ho, Zhang, Bicchi, & Anderson, 2016; Cagliero, Nan, Bicchi, & Anderson, 2016) , and "Quick, Easy, Cheap, Effective, Rugged, Safe" (QuEChERS; Hsiao et al., 2017) have been employed for extraction and clean-up of HAAs in different foodstuffs before instrument analysis. Some of which have been proved to markedly improve the selectivity as well as sensitivity of the analytical method in the analysis of HAAs (Aeenehvand et al., 2016; Canales, Guiñez, Bazán, Reta, & Cerutti, 2017; Cárdenes, Ayala, Afonso, & González, 2004; Hsiao et al., 2017; Khan et al., 2015; Özdestan et al., 2014; Zhang et al., 2011) .
The formation of HAAs in foodstuffs, especially heatprocessed meat and fish products, and their association with the increased risk of human cancer have been well elucidated Gibis, 2016; Oz & Seyyar, 2016;  Szterk, 2015) . In addition, robust and sensitive methods for the analysis of HAAs in foodstuffs have been extensively established (Karpavičiūtė et al., 2017; Ni et al., 2008; Yan et al., 2014a; Zhang et al., 2012) . Hence, scientists around the world have recently focused on the investigation about how to reduce HAAs in heat-processed foods and attempted to find possible strategies to inhibit the formation of HAAs Oz & Seyyar, 2016; Rahman, Sahar, Khan, & Nadeem, 2014; Tengilimoglu-Metin & Kizil, 2017) . To date, several inhibitory strategies such as adjusting cooking methods (Guo et al., 2014; Oz & Kotan, 2016; Oz & Zikirov, 2015 2017), changing thermal treatments (Raza, Shabbir, Khan, Suleria, & Sultan, 2014; Shabbir, Raza, Anjum, Khan, & Suleria, 2015) , adding antioxidants or substances which have inhibiting effect on the formation of HAAs Gibis & Weiss, 2012 Jinap, Hasnol, Sanny, & Jahurul, 2018; Natale, Gibis, Rodriguez-Estrada, & Weiss, 2014; Oz & Cakmak, 2016; Oz & Kaya, 2011b; Rounds, Havens, Feinstein, Friedman, & Ravishankar, 2012; Tengilimoglu-Metin, Hamzalioglu, Gokmen, & Kizil, 2017; Viegas, Amaro, Ferreira, & Pinho, 2012; Zeng et al., 2018) have been proven to be useful for minimizing the formation of HAAs in various foodstuffs. However, to the best of our knowledge, there is a lack of systematic and comprehensive overview about mitigation strategies on the formation of HAAs in various foodstuffs.
Therefore, the main purpose of this paper is to briefly discuss the available extraction and clean-up methods, and instrumental analytical methods for the analysis of HAAs in various foodstuffs. Additionally, several strategies ever published in the last 10 years, aiming at inhibiting the formation of HAAs, are well elucidated. The overall overview of the topic in this review is illustrated in Figure 1 . This review intends to give a broad but comprehensive understanding in the formation, extraction, clean-up, instrumental methods, and possible mitigation strategies for the isolated and identified HAAs.
FORMATION OF HAAS
HAAs are naturally formed in protein-rich foodstuffs (e.g., meat and fish) during their heating processes such as frying, cooking, roasting, baking, smoking, or grilling (Alaejos & Afonso, 2011; Canales et al., 2017; da Silva et al., 2017; Gibis, 2016; Khan et al., 2015; Oz & Kaya, 2011a; Tan et al., 2014; Vichapong et al., 2017; Wong, Cheng, & Wang, 2012) . Based on the heating temperature and formation process, HAAs are classified into two major groups that are thermic HAAs and pyrolytic HAAs (Alaejos & Afonso, 2011) . Thermic HAAs, also known as aminoimidazoazaarenes (AIAs), IQ type, or polar HAAs, are commonly formed between 150 • C and 300 • C (Gibis, 2016; Wong et al., 2012) . These HAAs are mainly divided into three: imidazopyridine (IP) type, imidazoquinoline type (IQ), and imidazoquinoxaline type (IQx) according to their chemical structures (Figure 2A ; Murkovic, 2004) . Above 300 • C, pyrolytic HAAs (amino carbolines, non-IQ type, or nonpolar HAAs) are produced via the pyrolysis of individual amino acids and proteins (Canales et al., 2017; Khan et al., 2015) . They mainly consist of pyridoindole, pyridoimidazole, and other pyrolytic HAAs that all have a common pyridoindole or dipyridoimidazole moiety ( Figure 2B ; Murkovic, 2004 ).
Formation of IQ or IQx type HAAs
During heating process, many HAAs in food can be easily formed through Maillard reaction. Creatine, amino acids, as well as sugars are the main precursors for the formation of HAAs (Wang, Hong, Ke, Hu, & Chen, 2017) . The formation mechanisms of IQ and IQx type HAAs are depicted in Figure 3A and Figure 3B , respectively. Pyridines and pyrazines, which are formed from hexose and amino acid, respectively, via the Strecker degradation in Maillard reac-tion, contribute as the building blocks of IQ and IQx type HAAs, respectively. Then, in an aldol reaction, pyridine or pyrazine derivatives react with creatinine formed during heating process of creatine, generating IQ or IQx type HAAs (Gibis, 2016; Skog & Jagerstad, 1993) . Aldehydes and creatinine are necessary in the formation of imidazole rings for the polar HAAs. The formation mechanisms confirmed for IQx, MeIQx, and 4,8-DiMeIQx by using 14 C-labeled glucose reveal that the C-atoms in glucose are merged into HAAs (Skog & Jagerstad, 1993) .
Formation of IP type HAAs
Regarding the IP type HAAs, the formation mechanism of typical PhIP is well demonstrated ( Figure 3C ). Phenylalanine, creatinine, and reducing sugars are confirmed to be the precursors of PhIP by using the 13 C-labeled creatinine and phenylalanine in a model system (Zochling & Murkovic, 2002) . From Figure 3C , the phenylacetaldehyde formed from phenylalanine through the Strecker degradation reacts with creatinine in an aldol reaction to form an intermediate product. Then PhIP forms from this intermediate product through subsequent condensation reaction (Murkovic, Weber, Geiszler, Fröhlich, & Pfannhauser, 1999) . Reducing sugar seems to be unnecessary precursors under dry heating conditions; however, it has a prominent influence (enhancing or inhibiting effect on the basis of its content) on the PhIP yield produced from creatine and phenylalanine (Skog, Johansson, & Jägerstad, 1998 ).
Formation of pyrolytic HAAs
Polar HAAs are formed mainly from amino acids, reducing sugars, and creatinine in foodstuffs under the temperature of 100 and 300 • C. The nonpolar HAAs, which are usually assigned as pyrolysis products of the amino acids, are produced preferably at higher temperatures (Murkovic, 2004) . As for pyrolytic HAAs, the formation of -carbolines including norharman and harman was widely reported (Gibis, 2016; Murkovic, 2004) . Tryptophan was the main precursor and glucose could facilitate the formation (Pfau & Skog, 2004) . Moreover, harman and norharman were reported to be over 70 fold and 20 fold higher, respectively, under the same condition but with the excess amount of tryptophan (Skog, Solyakov, & Jagerstad, 2000) . Typical formation of norharman and harman is depicted in Figure 3D . According to Figure 3D , the tryptophan Amadori rearrangement product is first formed from tryptophan with the presence of glucose. It then undergoes cyclization (Pictet-Spengler reaction) to form tetrahydro-carbolines in the presence of reactive carbonyl compounds. After oxidation process, -carbolines are finally formed (Rönner et al., 2000) . Another kind of formation mechanism for norharman was presented in a previous literature (Murkovic, F I G U R E 3 (a) Formation mechanism for IQ type HAAs (Gibis, 2016) . (b) Formation mechanism for IQx type HAAs (Gibis, 2016) . (c)
Formation mechanism for PhIP (Zamora, Alcón, & Hidalgo, 2014) . (d) Illustration of formation mechanism for -carbolines (norharman and harman; Murkovic, 2004). 2004). Overall, norharman and harman can be formed at relatively lower temperature in comparison to pyrolytic HAAs, while the other carbolines are normally produced at a higher temperature (above 300 • C; Gibis, 2016) . However, the formation mechanisms of some other IP type HAAs as well as pyrolysis formation ways of other pyrolytic HAAs are rarely reported and need to be well elucidated.
EXTRACTION AND CLEAN-UP METHODS FOR HAAS
Generally, prior to the determination of HAAs using instruments, two main steps are indispensable: (1) extraction of target analytes from the food matrix, (2) purification of target analytes from various co-extractives (Samsidar, Siddiquee, & Shaarani, 2018) . As summarized in Table 1 , several techniques including SPE, SPME, DLLME, QuEChERS, and other kinds of microextraction methods were well adopted for the extraction and clean-up of HAAs in various food matrices.
Solid-phase extraction
In sample pretreatment, SPE method is considered as a beneficial alternative to liquid-liquid extraction (LLE) as it overcomes many drawbacks of the later technique. For example, the advantages of SPE include low intrinsic costs, low solvent consumption and shorter processing time (Płotka-Wasylka, Szczepańska, de la Guardia, & Namieśnik, 2016) . SPE is one of the most commonly used approaches for the extraction of HAAs in foodstuffs and numerous works have been conducted based on SPE approach. The first attempt for the extraction of HAAs from meat products by SPE procedure, including basic extraction with diatomaceous earth (Extrelut) and subsequent purification on propylsulfonic acid silica (PRS) cartridge, was reported in by Gross et al. (Gross & Gruter, 1992; Gross, Grüter, & Heyland, 1992) . Then, Toribio et al. have applied SPE for the analysis of 16 HAAs from different lyophilized meat extract (Toribio, Moyano, Puignou, & Galceran, 2000 . They also used Extrelut as the sorbent, while applied PRS sodium form and endcapped (Chang, Zhang, Wang, & Chen, 2019) C 18 Bond Elut cartridges for purification. LC-MS was finally used to determine and quantify the HAAs and the obtained LOD was in the range of 0.4 to 11.7 μg/kg. Casal et al. (2004) have also successfully used SPE method with the same sorbents developed by in combination with GC-MS to analyze 12 HAAs in fried bacon and bouillon cubes (Casal et al., 2004) . Several studies conducted by Barceló-Barrachina, Moyano, and Galceran (2004) 2004b) . After mixed with mixed with diatomaceous earth, the less-polar and polar HAAs were extracted and purified by PRS cartridge and C 18 (100 mg) cartridge, respectively. Then, the determination and quantification were carried out in combination with GC-MS, LC-MS and ultra performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS), and LOD was found to be even lower than 0.05 μg/kg. The SPE technique using various sorbents such as Oasis MCX cartridge, benzenesulfonic-SCX bonded silica cartridge, Si-SCX-2-C 18 coupled cartridge was also applied for the determination of HAAs in other meat products including meatballs (Özdestan et al., 2014) , meat-based infant foods (Calbiani, Careri, Elviri, Mangia, & Zagnoni, 2007; ), sausages (Yan et al., 2014a; Yan et al., 2017) , camel meats , beef sauce, beef steak, and beef jerky (Kamal, Selamat, & Sanny, 2018; Cai, Xu, Xia, Wang, & Chen, 2017; Zhang et al., 2012) . Apart from meat products, Karpavičiūtė et al. have also reported the analysis of five nonpolar HAAs in roasted coffee (Karpavičiūtė et al., 2017) . SPE procedure, using Bond Elut PRS cartridge as the sorbent, was applied and paired with HPLC-FLD method to successfully detected target HAAs with LODs and LOQs ranging between 0.21 and 0.51 μg/kg and 0.38 and 0.93 μg/kg, respectively. SPE is an efficient and rapid technique for the analysis of HAAs in various meat products. It has several remarkable advantages, such as low solvent consumption and high efficiency in removing interfering substances. However, selecting suitable sorbents is of great importance as pretreatment results usually depend on the interaction between the sorbent selected and the analyte itself.
Solid-phase microextraction
SPME, a sample preconcentration method, is introduced in 1990 by Arthur and Pawliszyn (Arthur & Pawliszyn, 1990) . It overcomes several defects faced by conventional techniques and has numerous outstanding features such as simplicity, solvent-freeness, and ease of operation. The principle of SPME is equilibration of the analytes between an organic polymeric phase usually coating a fused-silica fiber and the sample matrix. Therefore, the fiber coating is of great importance for the extraction of target analytes. Cárdenes et al. have reported a SPME coupled with HPLC-DAD method for the analysis of HAAs in meat extract (Cárdenes et al., 2004) .
Four kinds of fiber coatings were evaluated for the extraction of HAAs. Various parameters that affect both absorption and desorption in SPME procedure, such as absorption and desorption time, pH, and ionic strength, were also optimized for investigated fiber coatings. The Carbowax-templated resin fiber was finally recommended for the determination of HAAs and the proposed method was successfully applied to determine nine HAAs at low μg/kg levels. Martín-Calero, Ayala, González, and Afonso (2007) also used Carbowax-templated resin fiber in the SPME procedure to analyze less-polar HAAs in meat extracts (Martín-Calero et al., 2007) . The outcome of the developed method under optimal conditions of SPME showed recoveries higher than 60% for all HAAs and LODs in the range of 0.28 to 1.1 μg/kg. SPME is operated on the basis of the adsorption of the target analytes from the sample matrix through the solid stationary phase, or the distribution of target compounds amid the sample matrix and stationary phase. Thus, the designation of fiber coating in SPME is important as it can affect the sensitivity as well as selectivity (Samsidar et al., 2018) . recently reported a detection method for the analysis of five HAAs in roast beef and roast lamb samples based on SPME procedure . A novel poly(vinylphenylboronic acid-co-ethylene glycol dimethacrylate [VPBA-co-EGDMA]) polymer monolith was prepared and coated on the SPME fiber as adsorbent for online efficient extraction. In combination with HPLC, the outcome of the established method showed recoveries in the range of 74.3 to 119%, with RSDs less than 8.2% and LODs in the range of 0.10 to 0.15 ng/kg. Although SPME has the advantages of being easy-to-operate and solventfree, it is extremely sensitive to specific experimental conditions, which may affect their sensitivity and reproducibility (Petrozziello, Borsa, Guaita, Gerbi, & Bosso, 2012) .
Dispersive liquid-liquid microextraction
DLLME is a simple, fast, efficient, and miniaturized extraction technique, providing high enrichment factor with low cost and environment-friendly merits. It was introduced in 2006 and well employed in the analysis of HAAs in foodstuffs in the last decade. In this technique, the rapid addition of a mixture which consists of dispersive (water-organic miscible solvent) and extractive (organic solvent) solvents into an aqueous solution containing the target analytes promotes the formation of a cloudy solution. Due to the very large surface area which is formed between the two phases, the analytes can thus be quickly and efficiently enriched in the extractive solvent. Finally, the analytes can be separated in the sedimented phase by centrifugation (Pereira, Fernandes, & Cunha, 2014) .
Agudelo Mesa et al. (2013) have developed a new pretreatment method on the basis of microwave-assisted extraction and DLLME for the extraction and purification of HAAs in cooked beefburgers (Agudelo Mesa et al., 2013) . Samples were first defatted by n-heptane and proteins in which were precipitated with 0.5 mol/L sodium hydroxide. In the DLLME procedure, the obtained aqueous phase with the optimum pH and water-insoluble 1-octyl-3-methylimidazolium hexafluorphosphate were used as the disperser solvent and the extractive solvent, respectively. With the following determination by HPLC-DAD, the authors found that the proposed method showed favorable recoveries in the range of 69 to 100% with repeatability between 5.4% and 10.9%. The enrichment factors were in the range of 19 to 30 and LODs could reach 0.35 to 2.4 μg/kg. Another study conducted by Aeenehvand et al. (2016) has been reported to analyze polar HAAs in hamburger patties also by microwave-assisted extraction and DLLME (Aeenehvand et al., 2016) . HAAs were extracted with mixing solution containing 1 mol/L NaOH solution, ethanol and acetone (70:10:20, v:v:v) under microwave-assisted condition. After removing proteins and adjusting the pH, the sample solution was applied for the DLLME process immediately. Methanol and 1-octanol were used as the disperser solvent and extraction solvent, respectively. The authors compared the developed method with the reported methods and found that the sensitivity and enrichment factors were competitive. HAAs were further determined by HPLC-UVD with LODs in the range of 0.06 to 0.21 μg/kg. Recently, Canales et al. (2017) established a novel DLLME-UPLC-MS/MS method which consists of solidification of floating organic drop, ultrasound-assisted back extraction and UPLC-MS/MS to determine four HAAs in aqueous samples (Canales et al., 2017) . The mixed solution containing 1-dodecanol (extraction solvent) and methanol (dispersive solvent; 3:4, v:v) was used in the extraction procedure. Dispersed fine droplets of 1-dodecanol emulsion were formed once the mixed solution was injected to the water sample. This emulsion was centrifuged and solidification of floating organic drop was obtained on the surface of the aqueous solution. Before instrumental analysis, the floating organic drops were performed with ultrasound-assisted solvent back-extracted by acetonitrile (containing 0.1% formic acid) after ice bath solidification. The method showed LODs ranging from 0.7 to 2.9 μg/kg and recoveries ranging from 92% to 106% for all analytes. The enrichment factors were between 130 and 136-fold under optimum conditions, demonstrating that the new method has strong potential for the analysis of various HAAs in complex matrix. However, DLLME also has limitations such as low capacity to extract or concentrate polar HAAs.
Other extraction and clean-up methods
There are other kinds of extraction and clean-up methods used for the analysis of HAAs in foodstuffs. As shown in Table 1 , these methods include pressurized liquid extraction (Khan, Busquets, Santos, & Puignou, 2008), supercritical fluid extraction (De Andres, Zougagh, Castaneda, & Rios, 2010), accelerated solvent extraction (Ouyang, Li, Tang, Jin, & Li, 2015) , air-agitated cloudpoint extraction (Vichapong et al., 2017) , microsolid-phase extraction (μ-SPE; Basheer, 2018; , and QuEChERS technique (Hsiao et al., 2017) . It is worth mentioning that -SPE is advantageous over SPME. This is because that -SPE can be easily made in-house and commonly cheaper than commercially available SPME fibers. synthesized acrylamide-modified grapheme as an efficient adsorbent for HAAs analysis in food samples. The enrichment factors of acrylamide-modified grapheme-based -SPE could reach 78 to 166 for six HAAs . In addition, QuEChERS is a novel technique applied in the extraction and clean-up of HAAs in foodstuffs (Hsiao et al., 2017) . In QuEChERS, solid sorbent is directly added into the matrix solution without sample manipulation. Hence, shaking and centrifugation are vital in the clean-up procedure (Khezeli & Daneshfar, 2017) . Hsiao et al. (2017) found using QuEChERS technique to extract HAAs from meat could save time as well as retain recoveries equivalent to those of traditional methods, verifying its potential for HAAs analysis in complex food matrix.
INSTRUMENTAL ANALYTICAL METHODS
After extraction and clean-up, the next step is the detection of target HAAs. Over the past decades, numerous instrumental analytical methods have been established for the detection of HAAs in various foodstuffs mainly using chromatographic techniques with different types of detectors and mass spectrometry. A survey of the current analytical techniques for the analysis of HAAs in foodstuffs is presented in Table 2 . Among articles published from 1997 to 2018, a clear expansion of LCbased techniques, especially liquid chromatography tandem mass spectrometry (LC-MS/MS) was observed.
Gas chromatography-mass spectrometry
GC is mainly applicable for separating nonpolar, volatile, as well as easily vaporized analytes on the basis of their volatilities. It allows the simultaneous analysis of multiclass compounds in combination with superior separation by capillary columns with the most widely used MS detector (Pereira et al., 2014) . In the early years, GC-MS has been used for analysis of HAAs, especially less-polar or nonpolar HAAs due to its merits including simplicity, high sensitivity and specificity, and separation efficiency. Some nonpolar HAAs including Trp-P-1, Trp-P-2, A C, Me A C, harman, and norharman were determined in meat products by GC-MS without any derivatization (Kerstin Skog, Solyakov, Arvidsson, & Jäger-stad, 1998). Unfortunately, the ion source was observed to be contaminated via the deposition of nonvolatile material. Hence, in order to increase the volatility of HAAs, a derivatization process is required. Several derivatization methods have been developed on the basis of the commonly used derivatization reactions including alkylation, acylation and silylation (Casal et al., 2004) . Among which, the alkylation of the primary amino group with 3,5-bistrifluoromethylbenzyl bromide (3,5-bisTFMBB) is the most widely used method. Richling, Kleinschnitz, and Schreier (1999) have applied this method to analyze up to 10 HAAs by GC-MS (Richling et al., 1999) . In addition, alkylation with N,N-dimethylformamide dimethylacetal, acylation with heptafluorobutyric acid anhydride followed by methylation of the acidic amide proton with diazomethane, or single acylation with pentafluoropropionic anhydride, and silylation with tert.-butyldimethylsilyl (TBDMS) have also been adopted for the derivatization of HAAs prior to GC-MS (Casal et al., 2004; Sasaki, Wilkins, Forehand, & Moldoveanu, 2001; Warzecha et al., 2004) . Barceló-Barrachina et al. (2005) compared three new reagents for the derivatization of 13 HAAs before GC-MS (Barceló- Barrachina et al., 2005) . Results indicated that -di-tertbutylacetal (DMF-DtBA) provided the highest sensitivity for the analysis of HAAs with LODs ranging from 0.9 to 10.3 μg/kg. Although GC-MS has high sensitivity, a timeconsuming derivatization procedure is usually required and not all HAAs can be derivatized appropriately. In addition, high injection temperature may result in HAAs production from any co-extracted HAAs precursors, and leading to false results Hsiao et al., 2017) .
Liquid-chromatography-based methods
HPLC is the most common technique applied for the analysis of HAAs because it does not require derivatization process and requires minimal preparation. Over the last two decades, a number of LC-based studies (summarized in Table 2 ) by coupling with different kinds of detectors have been reported for the analysis of HAAs in foodstuffs including LC-DAD (Agudelo Mesa et al., 2013; Cai et al., 2017; Cárdenes et al., 2004; Janoszka, Blaszczyk, Damasiewicz-Bodzek, & Sajewicz, 2009; Özdestan et al., 2014; Tan et al., 2014) , LC-ECD (Bermudo, Ruiz-Calero, Puignou, & Galceran, 2005; ), LC-FLD (Basheer, 2018; Jautz et al., 2008; Martín-Calero et al., 2007; Martin-Calero, Tejral, Ayala, Gonzalez, & Afonso, 2010; Ristic, Cichna, & Sontag, 2004) , LC-UVD (Aeenehvand et al., 2016; Yao et al., 2013; , LC-PDA (Vichapong et al., 2017; Vichapong, Srijaranai, Santaladchaiyakit, Kanchanamayoon, & Burakham, 2016) 
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IQ: 1.1 to 3.5 MeIQx: 1.2 to 1.4 PhIP: 3.9 to 5.4 (Ouyang et al., 2015) array detection (Gerbl, Cichna, Zsivkovits, Knasmüller, & Sontag, 2004 Özdestan et al. (2014) have applied HPLC-DAD to determine six HAAs in cooked meatballs (Özdestan et al., 2014) . The result of the established method showed recoveries ranged from 68.9% to 87.8%, and the LODs and LOQs ranged from 0.04 to 1.40 μg/kg and 0.13 to 4.40 μg/kg, respectively. Another recent study conducted by Cai et al. (2017) reported an online solid-phase extraction disk coupled to HPLC-DAD method for the detection of HAAs in beef jerky (Cai et al., 2017) . HPLC-PDA has also been utilized for the determination of HAAs (Vichapong et al., 2017) , and the proposed method has successfully detected the HAAs in smoked sausages with LODs ranging between 1 and 3 μg/kg. A newly synthesized arginine-modified reduced graphene oxide composite was used in the online SPE disk and results found that the method LODs and recovery were in the ranges of 0.30 to 0.49 μg/kg and 82.2 to 111.5%, respectively. More recently, Basheer (2018) has developed a method for HAAs analysis in seawater based on HPLC-FLD (Basheer, 2018) . LODs were found to be 0.004 to 0.026 μg/kg. The recoveries ranged from 79.9 to 95.2%, with RSDs between 1.3 and 7.5%.
HAAs can be directly detected by HPLC without an additive derivatization step. Therefore, it is advantageous to use more precise and cheaper spectroscopic detection techniques when sample preparation and chromatography are sufficiently selective (Lu, Kuhnle, & Cheng, 2017a) . However, their sensitivity mainly depends on the combined detectors such as UVD, FLD, and DAD. These detectors might have defect of low sensitivity, and in some situations cannot adequately identify the interfering impurities that co-extract with HAAs (Zhang et al., 2012) .
Liquid chromatography tandem mass spectrometry
The most often used methods at present are LC-MS and LC-MS/MS as they enable favorable separation and unambiguous qualitative and quantitative detection of numerous HAAs in complex food matrix also without prior derivatization (Kamal et al., 2018; Barceló-Barrachina et al., 2004a; Calbiani et al., 2007; Khan et al., 2008; Vichapong et al., 2017; Zhang et al., 2012) . A literature published in 2000 reported the analysis of five HAAs in meat extracts, and grilled and pan-fried bacon by LC-MS/MS (Guy, Gremaud, Richoz, & Turesky, 2000) . The proposed method permitted accurate quantification of HAAs in daily food at trace levels, with LODs approaching 0.015 μg/kg. Turesky et al. (2005) applied HPLC-MS/MS technique to determine 14 HAAs in cooked meats and grill scrapings (Turesky et al., 2005) . They con-firmed that the fragmentation patterns in MS/MS for all target HAAs were similar. A recent work conducted by Hsiao et al. (2017) to determine up to 20 HAAs in meat by LC-MS/MS (Hsiao et al., 2017) . Reasonable recoveries were obtained and LODs could reach 0.003 μg/kg for some HAAs. UPLC which has smaller particle size (<2.5 μm) for packing materials overcomes the lower separation capacity provided by conventional LC as well as improves sensitivity, speed and resolution in the analysis. Coupled with tandem mass spectrometry, it has also gained extensive use by scientists for the analysis of HAAs (Barceló-Barrachina et al., 2006; Khan et al., 2015; Yan et al., 2014a Yan et al., , 2014b Yan et al., 2017; Zhang et al., 2011) . Barceló-Barrachina et al. (2006) developed a UPLC-MS/MS method for the analysis of 16 HAAs in food (Barceló-Barrachina et al., 2006) . Although the method has a total run time of less than 2 min, it permits highspeed data acquisition without degradation of peak intensity. Another study conducted by Khan et al. (2015) to analyze several HAAs in cooked camel meat also in less than 2 min . Recently, Yan et al. (2017) have developed a UHPLC-MS/MS method for the analysis of 17 HAAs in meat products with favorable recoveries and repeatability (Yan et al., 2017) . Method LOD could reach 0.007 μg/kg.
Other analytical methods
There are other analytical methods used for HAAs analysis as summarized in Table 2 . These include capillary zone electrophoresis (CZE) with UV-DAD (Fei, Li, Yu, & Chen, 2007) , capillary electrophoresis, either with MS (CE-MS), UVD (CE-UVD), FLD (CE-FLD) or ECD (CE-ECD; De Andres et al., 2010), synchronous fluorescence spectroscopy (SFS; Sahar et al., 2010) , ultra-fast liquid chromatography (UFLC; Oz & Kizil, 2013) , LC-Q TOF-MS (Barceló- Barrachina et al., 2004) , ultrahigh performance liquid chromatography-Quadrupole-Orbitrap high resolution mass spectrometry (UHPLC-Q-Orbitrap HRMS) (Dong, Xian, Li, Wu, Bai & Zeng, 2020) , and LC-IT-TOF-MS (Ouyang et al., 2015) .
MITIGATION STRATEGIES FOR HAAS
The kinds and contents of HAAs formed in foodstuffs depend on various factors, such as cooking temperature and time, cooking equipment and methods, food type, type of raw materials, cooking duration, processing method, storage time of fresh meat, and content of precursors. Moreover, concentrations of HAAs could also change because of heat and mass transfer, lipids, lipid oxidation as well as antioxidants (Alaejos & Afonso, 2011; Lu et al., 2017b; Meurillon & Engel, 2016; Oz & Kaya, 2011a; Szterk, 2015; Szterk & Jesionkowska, 2015; Szterk & Waszkiewicz-Robak, 2014) . The factors that affect the formation of HAAs in foodstuffs can thus be divided into three categories including the cooking or processing methods, the addition of substances which have enhancing or inhibiting effects on the formation of HAAs, and the type of food and the recipe. Therefore, there are three possible strategies for mitigating the formation of HAAs when processing and cooking foodstuffs: either adjust cooking methods or process conditions, add with natural product extracts, antioxidants, or other compounds, or reasonably select types of foodstuff.
Adjusting cooking methods or process conditions
The cooking method has a considerable influence on the formation of HAAs. There has been intensive research into cooking methods and conditions for the formation of HAAs in recent review literatures (Alaejos & Afonso, 2011; Meurillon & Engel, 2016; Shabbir et al., 2015) . Table 3 gives a brief overview of the main results in relation to adjusting cooking methods or process conditions for reducing the formation of HAAs in heat-processed food. Different cooking methods mainly pan-frying, deep-frying, grilling, charcoalgrilling, microwave cooking, smoking, sous-vide cooking, boiling, barbecuing, and roasting have been extensively investigated for the formation of HAAs in various foodstuffs (Guo et al., 2014; Liao, Wang, Xu, & Zhou, 2010; Omojola, Ahmed, Attoh-Kotoku, & Wogar, 2014; Oz & Kotan, 2016; Oz & Zikirov, 2015; Oz et al., 2010; Oz, Kızıl, & Çelık, 2015; Raza, Shabbir, Khan, Suleria, & Sultan, 2014; Soladoye et al., 2017) . Results showed different cooking methods had different influences on the formation of HAAs. For example, the Muscovy drake meat cooked by grilled method had the lowest total HAAs, followed by pan-fried, roasted, and deep-fried methods (Omojola et al., 2014) , while lamb patties cooked by pan-frying had the lowest total HAAs, followed by frying, roasting and stewing (Guo et al., 2014) . Concerning beef chops, sous-vide cooking led to lower levels of individual IQx, MeIQ, 7,8-DiMeIQx, PhIP, A C content, and total HAAs than boiling and pan-frying methods (Oz & Zikirov, 2015) . Microwave cooking led to lower levels of HAAs in Sliced-bacon and Turkey meat than other cooking methods such as pan-fried method (Oz, Kizil, Cakmak, & Aksu, 2015; Soladoye et al., 2017) . Generally, "milder" cooking methods such as oven roasting, boiling may form lower amounts of HAAs (Alaejos & Afonso, 2011) .
Several studies also studied the relation between doneness and HAAs contents and found that the total HAAs concentrations in meat products increased with level of doneness for a given cooking method (Jinap et al., 2013; Oz & Yuzer, 2016; Oz et al., 2010; Puangsombat, Gadgil, Houser, Hunt, & Smith, 2012) . The total content of HAA in well-done meat was reported to be 3.5 times higher than that in medium-rare meat for four cooked meat products including fish, chicken, pork, and beef (Puangsombat et al., 2012) . HAAs are commonly produced at very low concentrations under normal conditions, however, the formation of HAAs increases significantly when the cooking temperature increased above 150 • C, (Oz, Cakmak, Zikirov, Kizil, & Turhan, 2014; Shah, Barri, Jönsson, & Skog, 2008; Zhang, Yu, Mei, & Wang, 2013) . Several studies have shown that the content and number of HAAs increase with increasing temperature, time, and number of frying cycles (Gibis, Kruwinnus, & Weiss, 2015; Wang et al., 2015) . Generally, three high-temperature cooking methods including oven-broiling, pan-frying, and grilling/barbecuing seem to cause the highest contents of HAAs, especially of PhIP, norharman, and harman (Alaejos & Afonso, 2011) . Baking method may be an exception because a recent study conducted by Yang et al. (2019) has investigated the smoking or baking procedures on the formation of eight HAAs including DMIP, IQ[4,5-b], PhIP, 7,8-DiMeIQx, A C, Phe-P-1, harman, and norharman in sausage. They found although higher smoking temperatures resulted to higher total contents of HAAs in smoked sausages, while higher baking temperatures could create lower total contents of HAAs in baked sausages (Yang et al., 2019) .
In addition, charcoal types (wood and coconut shell charcoal; Viegas, Novo, Pinto, Pinho, & Ferreira, 2012) and barbecue types (wire and stone; Oz & Yuzer, 2016) on the formation of HAAs in meat products were also investigated. Their results indicated that salmon grilled with coconut shell charcoal had lower HAAs than salmon grilled with usual wood charcoal. The total HAAs in stone barbecued beef steak samples were higher than those in wire barbecued beef steak samples. Apart from meat products, the HAAs formed in Provola cheese smoked by traditional methods and commercial buffered smoke were evaluated (Naccari et al., 2009) . Results found that no HAAs were found in cheese by buffered smoke method, while high levels of PhIP, A C, MeA C, followed by Trp-P-1 and Trp-P-2 were formed by traditional natural methods. The novel and modified cooking processes such as use of coconut shell charcoal and commercial buffered smoke could be interesting avenues as they can reduce the contents of HAAs in foodstuffs. It requires a big attempt but would be worth the effort.
Addition of natural product extracts, antioxidants, or other compounds
Another effective way to reduce the formation of HAAs is to add specific ingredients such as natural product extracts, antioxidants, spices, or other compounds known for their inhibitory effects against the formation of HAAs. To date, more than 100 kinds of various additives have been attempted for the inhibition of HAAs in cooked meat (Meurillon & Engel, 2016; Unal, Karakaya, & Oz, 2018) . It has been widely accepted that their capacity to scavenge the free radicals involved in all HAA formation pathways
T A B L E 3 Overview of inhibition methods on the formation of HAAs in foodstuffs

Methods
Main HAAs studied
Food matrix
Inhibitory effects Reference
Adjusting cooking methods or process conditions
Cooking methods (pan-fried, deep-fried, charcoal-grilled, and roasted) IQ, MeIQx, 4,8-DiMeIQx, PhIP, norharman, harman, Trp-P-2, Trp-P-1, A C, and MeA C Chicken and duck breast meat The roasted method had the lowest total HAAs for both chicken and duck breast, followed by deep-fried, pan-fried, and charcoal-grilled methods (Liao et al., 2010) Cooking methods (microwave, oven, hot plate, pan-fried, and barbecued) IQ, IQx, MeIQ, MeIQx, 4,8-DiMeIQx, 7,8-DiMeIQx, PhIP, A C, and MeA C Chicken chops and fish fillets The barbecued method had lower total HAAs than pan-fried, microwave, oven, and hot plate methods (Oz et al., 2010) Cooking methods (deep-fried, roasted, pan-fried, and grilled)
Total HAAs
Muscovy drake meat The grilled method had the lowest total HAAs, followed by pan-fried, roasted, and deep-fried methods (Omojola et al., 2014) Cooking methods (roasted, fried, pan-fried, and stewed) IQ, MeIQx, 4,8-DiMeIQx, PhIP, norharman, harman, Trp-P-2, A C, and MeA C Lamb patties Patties cooked by pan-frying had the lowest total HAAs, followed by frying, roasting, and stewing HAAs levels in cooked lamb increased with an increase in cooking time (Guo et al., 2014) Cooking methods (sous-vide cooking, boiling and pan-frying) IQx, IQ, MeIQx, MeIQ, 7,8-DiMeIQx, 4,8-DiMeIOx, PhIP, A C, and MeA C Beef chops Sous-vide cooking led to lower levels of IQx, MeIQ, 7,8-DiMeIQx, PhIP, A C, and total HAAs than boiling and pan-frying methods (Oz & Zikirov, 2015) Cooking methods (pan-frying, deep-frying, charcoal-grilling, and roasting)
Harman, norharman
Beef, chicken, and mutton Charcoal-grilling and deep-frying produced higher contents of HAAs than other methods (Raza et al., 2015) Cooking and sea bass) Avoiding barbecuing of salmon and dry-heating in a pan of sardine Advise dry-heating in a pan of salmon, mackerel and sea bass, microwaving of sardine, oven cooking of whiting, and hot plate cooking of trout (Oz & Kotan, 2016) Cooking methods (microwave or pan-fried)
MeIQx, MelQ, Glu-P-1, Glu-P-2, IQ, Trp-P-1, Trp-P-2, A C, and MeA C Sliced-bacon Microwave led to lower levels of HAA than pan-fried method (Soladoye et al., 2017) Smoking methods (natural methods and using commercial buffered smoke) PhIP, Trp-P-1, Trp-P-2, A C, and MeA C
S m o k e dP r o v o l a cheese
No HAAs were found in cheese by buffered smoke method, while high levels of A C, Me A C, and PhIP, followed by Trp-P-1 and Trp-P-2 were found in cheese by natural methods (Naccari et al., 2009) Charcoal types (wood and coconut shell charcoal) and grilling conditions IQ, MeIQx, PhIP, 4,8-DiMeIQx, Trp-P-1, Trp-P-2, Glu-P-1, A C, and MeA C Grilled beef and salmon Salmon grilled with coconut shell charcoal presented significantly lower HAAs than salmon grilled with usual wood charcoal Continuous barbecuing contributed to higher HAAs formation 
Grass carp
The content and number of HAAs increased with increasing frying temperature
As the number of frying cycles increased, the number of HAs increased, seven HAAs were detected after the 25th frying cycle (Wang et al., 2015) Pan-frying conditions (frying time and frying temperature)
MeIQx, PhIP, norharman, and harman
Fried bacon
The bacon contained higher total HAAs, individual norharman, and harman both with longer frying time and at higher temperature (Gibis et al., 2015) Smoking or baking procedures (temperature) and fish) The total HAA content in well-done meat was 3.5 times higher than that of medium-rare meat (Puangsombat et al., 2012) Doneness (medium and well-done) and process ways (microwave-charcoal-grilled, charcoal-grilled, and microwave-deep-fried) IQ, MeIQ, MeIQx, 4, 7, and PhIP Grilled chicken and beef (satay) The total HAAs in chicken and beef satays processed by microwave-deep-fried method were 97% and 98%, respectively, lower than those by charcoal-grilled method (Jinap et al., 2013) 
Addition of natural product extracts, antioxidants, or other compounds Green tea extract
PhIP and A C Foods 75%, 85%, and 70% inhibition for PhIP, A C, and total HAAs, respectively (Cheng et al., 2009) Grape seed and rosemary extract contributes their inhibitory effects on the formation of HAAs (Meurillon & Engel, 2016) . Natural products extracts and spices are the most commonly used additives for the inhibition of HAAs in the last decade. A lot of studies have used various natural products extracts including grape seed and rosemary extract (Gibis & Weiss, 2012; Keskekoglu & Uren, 2017; Natale et al., 2014) , pomegranate seed extract , apple peel polyphenol extract (Sabally, Sleno, Jauffrit, Iskandar, & Kubow, 2016) , Rosa rugosa tea extract (Jamali et al., 2016) , artichoke extract (Tengilimoglu-Metin & Kizil, 2017) , hawthorn extract (Tengilimoglu-Metin et al., 2017) , and green tea extract (Cheng et al., 2009; Güliz Haskaraca, Soncu, Kolsarıcı, Öz, & Juneja, 2017) to inhibit HAAs formation. The target HAAs are mainly consisting of IQx, IQ, MeIQx, MeIQ, 7,8-DiMeIQx, 4,8-DiMeIOx, PhIP, A C, MeA C, norharman, harman, Trp-P-1, and Trp-P-2. Results indicated that various degrees of inhibition (sometimes up to 100% for certain HAA) on the formation of individual HAA and total HAAs were observed by addition of abovementioned extracts. Gibis and Weiss (2012) studied the inhibitory effect of grape seed extract in fried beef patties and 57% and 90% inhibition for the formation of MeIQx and PhIP were observed, respectively (Gibis & Weiss, 2012) . However, it had no inhibitory effect on pyrolytic HAAs, especially harman and norharman. They considered that the steric hindrance of the reactive sites for pyrolytic HAAs during their formation making it more complicated for flavonoids to scavenge the free radicals generated. Other researchers also investigated its inhibition effect on the formation of HAAs in cooked beef and chicken meatballs and found 59% to 69% inhibition for norharman, IQ, PhIP, and MeIQx in cooked beef meatballs and 31% to 73% inhibition in cooked chicken meatballs (Keskekoglu & Uren, 2017) . Recently, Tengilimoglu-Metin et al. have studied the inhibitory effects of artichoke extract and hawthorn extract on the formation of up to 12 HAAs in beef and chicken breast meat (Tengilimoglu-Metin & Kizil, 2017; Tengilimoglu-Metin et al., 2017) . They found artichoke extract and hawthorn extract could inhibit the formation of individual HAA and reduce the concentrations of total HAAs.
Various kinds of spices, including basil, thyme, savory, oregano, paprika, garlic, pricklyash peel, chili pepper, Sichuan pepper, black pepper, turmeric, ginger, black pepper, red chilli, paprika, cinnamon, and clove have been extensively investigated for their inhibitory effects on the formation of HAAs in the last decade (Damašius, Venskutonis, Ferracane, & Fogliano, 2011; Lu, Kuhnle, & Cheng, 2018; Mousa & Al-Khateeb, 2017; Oz & Kaya, 2011b; Rounds et al., 2012; Unal, Karakaya, & Oz, 2018; Zeng et al., 2014; Zeng et al., 2018) . A brief overview of spices used in various meat products and their inhibitory effects is also summarized in Table 3 . It is worth noting that not all spices can inhibit the formation of HAAs in meat products, on the contrary, some spices such as anise, fennel, cumin, and chilli are reported to promote the formation of HAAs, especially PhIP, DMIP, MeIQx, 4,8-DiMeIQx, harman, and norharman in beef patties (Zeng et al., 2014) . Another work also reported the increase of harman in roast beef patties by adding Sichuan pepper . Therefore, it is suggested that the use of spices for the control of HAAs in meat products should be tested at conditions as close as possible to practical application.
Phenolic compounds (protocatechuic acid, chlorogenic acid, ferulic acid, and p-coumaric acid) and flavonoids (naringenin, quercetin, luteolin, and rutin) were also used to inhibit the formation of HAAs, some of which even had 100% inhibition for some certain HAAs Zhu, Zhang, Wang, Chen, & Zheng, 2016) . Effect of fatty acids (such as conjugated linoleic acid)/oils (such as olive oil) on the formation of HAAs has also been documented in previous works (Lee, Dong, Jung, & Shin, 2011; Lu et al., 2017b; Oz & Cakmak, 2016; . Grape seed oil had 66%, 98%, 100%, 100%, 100%, and 98% inhibition for IQ, MeIQ, MeIQx, 4,8-DiMeIQx, PhIP, and total HAAs in pork patties, which seems better than olive oil and sunflower oil. Higher levels of MeIQx and DiMeIQx were detected in burgers fried in rapeseed oil containing high level of oleic acid with high peroxides values in comparison with sunflower oil, butter and margarine (Lu et al., 2017b) . Conjugated linoleic acid contributed up to 37% and 81% inhibition for total HAAs in beef chop and meatball, respectively (Oz & Cakmak, 2016; . Other kinds of additives studied for the inhibition of HAAs consisted of beer or red wine marinades, cellulose, dihydromyricetin, chitosan, and short chain amylase, as clearly presented in Table 3 .
Reasonable selection of foodstuff types
Appropriate selection of foodstuff type also has a considerable effect on the formation of HAAs. Puangsombat et al. (2012) have studied the meat types (pork, beef, chicken, and fish) and meat portions on the formation of IQx, MeIQx, DiMeIQx, and PhIP (Puangsombat et al., 2012) . Results indicated that fried pork had higher levels of total HAAs than fried beef as well as fried chicken. Moreover, cooked chicken thigh with skin had the lowest levels of total HAAs. Another study conducted by Wang et al. (2017) investigated different animal species (beef, pork, mutton, and chicken) and ingredients (rock candy, rice wine, and soy sauce) on the formation of HAAs including IQ, MeIQx, MeIQ, PhIP, norharman, and harman in marinated meat . They found chicken had the lowest contents of total HAAs in comparison with beef, pork, and mutton, while soy sauce had a much greater contribution to the formation of HAAs than did rock candy and rice wine. Some other factors such as the fattening system, animal's sex, and refrigerated time of raw meat were identified in another work impacting significantly on the formation of HAAs during grilling process (Szterk & Waszkiewicz-Robak, 2014) . Results found that the fewest HAAs were formed in rib steak from heifers fed in a semi-intensive fattening system. In addition, the longer the raw meat refrigerated, the more HAAs were formed during the grilling. Moreover, shapes of fried meat products have also been reported to affect the concentrations of HAAs. Zhang et al. (2013) compared three shapes (patty, meatball, and strip) when frying meat products and found that strip shape had 70%, 61%, and 70% reduction for MeIQx, 4,8-DiMeIQx, and PhIP, respectively, in comparison with patty shape . Another work compared four portions (core, exterior part, rind, and slice) about the formation of PhIP, Trp-P-1, Trp-P-2, A C, and MeA C in smoked cheese and found that the core portion had the lowest content of individual and total HAAs. Some studies have shown that different sugars used in the marinated meat also have influence on the formation of HAAs (Hasnol, Jinap, & Sanny, 2014; Shin, Strasburg, & Ustunol, 2006) . Hasnol et al. (2014) indicated that 70%, 66%, 78%, 78%, 46%, and 73% inhibition were obtained for MeIQ, PhIP, DiMeIQx, IQ, IQx, and norharman, respectively, by using honey rather than table sugar. Another study investigated type of beer used for marinate meat on the formation of 4,8-DiMeIQx, Trp-P-1, PhIP, A C, and MeA C and found that black beer had 3-fold inhibition for total HAAs compared with nonalcoholic pilsner beer (Viegas, Moreira, & Ferreira, 2015) . Therefore, the suitable choice of raw materials and the optimization of ingredients recipe should be critical points for mitigating the formation of HAAs in the preparation of marinated meats.
CONCLUDING REMARK S
HAAs are naturally formed in protein-rich food during their heating process. Although the formation mechanisms of some identified HAAs including IQ and IQx type HAA, PhIP, norharman, and harman were illustrated and widely accepted by scientists, the formation mechanisms are only partially understood and need to be further elucidated systematically. In addition, some factors seem to play roles in the mitigation of HAA formation, however, the way they act is far from clear and also needs well elaborated.
Although HAAs have been widely analyzed in meat products by using advanced techniques such as LC, UPLC, and MS, the accurate detection of HAAs is still a difficult challenge due to their trace levels and high complexity of food matrices. This difficulty can only be solved by combining both elaborate extraction, purification with preconcentration steps (e.g., QuEChERS, DSPE), and then followed by sensitive analytical methods such as MS/MS to quantify trace levels of HAAs. Further research to discover more rapid techniques to identify HAAs more effectively is still needed. Apart from this, more researches should be conducted for the analysis of HAAs in other kinds of heat-process foodstuffs such as coffee products and baked products.
The present study summarized the most promising inhibitory strategies for reducing HAAs, which are adjusting cooking methods or process conditions, adding with natural product extracts, antioxidants, or other compounds, or reasonable selection of types of foodstuff. The studies presented in this review are of great importance to food manufacturers as well as consumers for reducing the formation and concentrations of HAAs in food processing. However, these inhibition strategies are generally investigated in some given HAAs, ignoring the fact that other HAAs can simultaneously be formed under the same conditions. In addition, inhibition mechanisms of some specific natural product additives on the formation of HAAs are rarely reported. Therefore, research on natural product additives acting on the formation of all HAAs, the bioaccessibility and metabolism should be continued, and detailed information about mechanisms on the inhibition of HAAs by these methods is extremely required.
